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I .  INTRODUCTION 
For over two decades, i t  has been known t h a t  the  sun is  capable 
of acce le ra t ing  p a r t i c l e s  t o  high energies i n  a s soc ia t ion  wi th  major 
s o l a r  d i s turbances .  
was f i r s t  r e a l i z e d  by Forbush (1946) as a r e s u l t  of ground l e v e l  
observat ions;  subsequently,  t h e  r e s u l t s  of seve ra l  experiments have 
shown t h a t  t he re  a r e  many of t hese  events and t h a t  they occur most 
f requent ly  during the  years  of high s o l a r  a c t i v i t y  (e.g.  McDonald, 1963; 
Roederer, 1964; and Webber, 1964). The known events  have var ied  i n  s i z e  
from those whose i n t e n s i t i e s  a r e  ju s t  ba re ly  de t ec t ab le  t o  events  where, 
for one day,  t h e  f lux  of p a r t i c l e s  with energ ies  g r e a t e r  than 20 Mev 
3 2 exceeded 10 p a r t i c l e s , (  cm. s t e r . s ec . )  . The normal non-solar cosmic 
ray  i n t e n s i t y  above 20 Mev is  about 0.2 par t ic les / (cm.  ster.sec.). 
though protons are the  most numerous p a r t i c l e s  i n  a given v e l o c i t y  
i n t e r v a l ,  many o the r  types of p a r t i c l e s  are known t o  exis t ,  and t h e i r  
presence,  energy spec t r a ,  and r e l a t i v e  abundances are of considerable  
importance not  only i n  t h e  study of s o l a r  cosmic r a y s ,  bu t  a l s o  s o l a r  
physics  and non-solar cosmic rays .  
The ex is tence  of t hese  ene rge t i c  p a r t i c l e  events  
2 A l -  
The s tudy of the  composition of solar cosmic r ays  w a s  pursued wi th  
considerabie  success  riuriiig the ~ s t  reccmt soLa_r maximum (approximately 
, 1957 t o  1962). Already many of t h e  general f ea tu re s  seem t o  be c l e a r ,  
and some d e t a i l e d  knowledge is emerging. 
energy s p e c t r a  as a funct ion of t i m e  now e x i s t  f o r  s eve ra l  events 
from 3 t o  600 Mev as a r e s u l t  of the s c i n t i l l a t i o n  counter experiments 
flown on Explorers  X I 1  and XIV (Bryant, Cl ine ,  Desai and McDonald, 1962; 
1963). I n  add i t ion  less complete time h i s t o r i e s  of s o l a r  proton spec t r a  
e x i s t  f o r  some earlier events from measurements made wi th  simple e lec-  
t r o n i c  d e t e c t o r s  and nuclear emulsions flown on bal loons,  sounding 
rocke t s ,  and s a t e l l i t e s  (e .g .  McDonald, 1963.), The energy spec t r a  of 
s o l a r  protons and helium nuc le i  have been measured simultaneously on 
seve ra l  occasions using nuclear emulsion de tec to r s  flown on bal loons 
(Biswas, F r e i e r  and S t e i n ,  19€2; Biswas and Freier,  1961; Ney and S t e i n ,  
1962; F r e i e r  and Webber, 1963; Fre ie r ,  1962; Freier, 1963) and i n  
rockets  (Biswas, F i c h t e l  and GUSS, 1962; B i s w a s ,  F i c h t e l ,  Guss and 
Waddington, 1963). I n  s p i t e  of t h e i r  l imi ted  number, these  measurements 
a r e  of p a r t i c u l a r  i n t e r e s t  because the d i f f e r e n t  charge t o  mass r a t i o  
of 
charge) e f f e c t s .  Turning t o  the  i so topic  composition, de t ec t ab le  f luxes  
of deuterons have been seen i n  t w o  events (McDonald, Balasubrahmanyan, 
Brunstein,  Hagge, Ludwig, and Palmeira, 1965) and r e l a t i v e l y  severe 
upper l i m i t s  have been s e t  i n  two others  (Biswas, e t  a l . ,  1963 and Freier 
and Waddington, 1965). R e s u l t s  on the presence of t r i t i u m  and He3 i n  the  
s o l a r  p a r t i c l e  r a d i a t i o n  have been obtained by Fireman, DeFelice,  and 
T i l l e s  (1961), T i l l e s ,  DeFelice and Fireman (1963) and Schaeffer  and 
Zahringer (1962). 
Detai led s t u d i e s  of the  proton 
H e  4 and H 1 permits the  separat ion of v e l o c i t y  and r i g i d i t y  (momentum/ 
2 
S.malier q u a n t i t i e s  of n u c i e i w i t h  higher  charges have also been Seen 
i n  seve ra l  events  ( F i c h t e l  and GUSS, i961; Biswas, F i c h t e l ,  and GUSS, 
1962; Yagoda, 1961; Pomerantz and Witten, 1962; Kurnosova, Razorenov, 
and Fradkin,  1962; Bimas e t  a i . ,  1963; B i s w a s  and F i c h t e l ,  1962; and 
B i s w a s  e t  a l ,  1965), and i t  seems l i k e l y  t h a t  these  heavier  nuc le i  are 
always present  s ince  they have been observed every ti= the  i n t e n s i t y  of t he  
event w a s  s u f f i c i e n t l y  g rea t  t o  expect t o  be ab le  t o  d e t e c t  them on the  b a s i s  
of t h e i r  abundances i n  o ther  events.  Detai led charge s t u d i e s  (Biswas, 
e t  a l . ,  1963; B i s w a s  and F i c h t e l ,  1963) seem t o  i n d i c a t e  t h a t  the  
mul t ip ly  charged component ( t h e  nuclear charge,Z > 2) has a composi- 
t i o n  similar t o  t h a t  of the  sun, and hence d i s s i m i l a r  t o  t h a t  of the  
cosmic r a d i a t i o n  coming from beyond t h e  s o l a r  system. Energe t ic  
e l ec t rons  are very rare ( E a r l ,  1962; Yates, 1963; Ney and S t e i n ,  1962; 
Cl ine ,  Ludwig, and McDonald, 1964), and pos i t i ve  evidence f o r  them 
e x i s t s  i n  only one s o l a r  cosmic ray  event (Meyer and Vogt, 19621, and 
even then t h e i r  i n t e n s i t y  w a s  very low compared t o  t h a t  of t he  protons.  
There is no d i r e c t  evidence f o r  neutrons. 
This  review of s o l a r  p a r t i c l e  composition w i l l  begin with a surmnary 
of our  present  knowledge of the  charge spectrum of t h e  nuclear  component, 
t he  energy s p e c t r a  o f  the  var ious nuclear components, t h e  i s o t o p i c  
composition of the  hydrogen and helium nuc le i ,  and the  ava i l ab le  infor -  
mation on o the r  poss ib l e  components such as e l e c t r o n s  and neutrons.  
This  w i l l  be followed by a discussion of the  r e l a t i o n  of these  measure- 
ments t o  t h e  theo r i e s  of s o l a r  p a r t i c l e  propagation and acce lera t ion .  
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F i n a l l y ,  the ins ight  which these results can give i n t o  the  r e l a t i v e  
abundances of elements on the  sun and the  o r i g i n  of the  cosmic rays  
' 
coming from beyond the  s o l a r  system w i l l  be discussed 
11. EXPERIMENTAL OBSERVATIONS ON THE COMPOSITION OF SOLAR COSMIC RAYS 
This  sec t ion  w i l l  be divided thus: F i r s t ,  the  charge spectrum of 
the  s o l a r  nuc le i  and the  energy spectra  of d i f f e r e n t  nuclear charge 
groups w i l l  be discussed. Then, t h e  ava i lab le  d a t a  on the  i so top ic  
composition of t he  two p r inc ipa l  charge spec ies ,  hydrogen and helium, 
w i l l  be presented. F i n a l l y ,  t he  experiments t o  d e t e c t  o the r  components 
w i l l  be summarized. 
A. CHARGE SPECTRUM OF SOLAR NUCLEI AND THEIR ENERGY AND RIGIDITY 
SPECTRA 
A t  the  present  t i m e  it seems t o  be  meaningful t o  speak of t he  charge 
composition of mult iply charged nuclei ,  but t he re  seems t o  be no simple 
r e l a t ionsh ip  between t h e  abundanccsof protons and t h e  nuc le i  of higher  
charge. This  p i c t u r e  develops from the similar composition, independent 
of energy, of  t h e  mult iply charged nuclei  a t  d i f f e r e n t  times and i n  
d i f f e r e n t  events ,  and the  correspondingly l a rge  v a r i a t i o n s  i n  the  
proton t o  helium r a t i o .  The remainder of t h i s  s ec t ion ,  I I A ,  w i l l  be 
devoted p r i n c i p a l l y  t o  the  ana lys i s  of t he  complicated proton-helium 
problem and a desc r ip t ion  of t he  energy and r i g i d i t y  spec t ra .  A 
d e t a i l e d  d iscuss ion  of the  charge spectrum of t h e  mul t ip ly  charged 
nuc le i  w i l l  be l e f t  u n t i l  the  next sec t ion ,  I I B .  
The d a t a  f o r  t he  s tudy of  t h e  s o l a r  n u c l e i ,  much of which is 




experiments flown on bal loons,  sounding rockets ,  and s a t e l l i t e s .  I n  
the  case of bal loon borne de tec to r s ,  t he  lowest energy p a r t i c l e  which 
can be measured is determined e i the r  by the  a i r  cu tof f  ( t y p i c a l l y  7 5  
Mev f o r  protons) o r  i n  some cases by t he  geomagnetic cu to f f .  
gene ra l ,  t he  lower l i m i t  of the  de tec tab le  energy i n  sounding rocket  
experiments flown from regions close t o  t h e  magnetic poles  and satel- 
l i t e  experiments is  caused by the  detector  system i t s e l f  and is there-  
f o r e  usua l ly  10 Mev o r  less. 
I n  
Since the  p a r t i c l e  d i s t r i b u t i o n  t h a t  is being examined cons i s t s  
not only of nuc le i  of d i f f e r e n t  types, but a l s o  nuc le i  of d i f f e r e n t  
v e l o c i t i e s ,  i t  is necessary t o  examine both the  composition and the  
v e l o c i t y  d i s t r i b u t i o n  as a funct ion of  t i m e  i n  an event .  I n  addi- 
t i o n ,  poss ib le  event t o  event va r i a t ions  must a l s o  be considered 
before  meaningful s ta tements  about the  r e l a t i v e  abundances can be 
made. F i n a l l y ,  it is des i r ab le  t o  proceed even f u r t h e r  and separa te  
the  e f f e c t s  of v e l o c i t y  and r i g i d i t y  because i n  genera l  t he  accelera-  
t i o n  and the  propagation of s o l a r  cosmic r a y s  could depend on both of 
t hese  parameters. 
I n  proceeding t o  analyze the data ,  i t  must be remembered t h a t  t h e  
charge t o  mass r a t i o  of the  p r o t o n d i f f e r s  by a f a c t o r  of two from 
most of t he  nuc le i  of higher charge, such as He4, C 1 2 ,  0l6,  and N e  
and, t he re fo re ,  f o r  a given ve loc i ty ,  t he  r i g i d i t y  of a proton i s  
less than the  o the r  nuclei .  Here, w e  are assuming t h a t  t he  helium 




For those times when d a t a  on both hydrogen and o the r  nuc le i  e x i s t  
. 
i t  i s  poss ib l e  t o  f ind  simple mathematical expressions f o r  both t h e  
energy per  nucleon and the  r i g i d i t y  spec t ra  i n  the  l imited i n t e r v a l s  
where d a t a  e x i s t  f o r  both types of p a r t i c l e s  being considered. 
These r ep resen ta t ions  are as follows: 
dJ/dR = K ( A , Z , t )  exp [ -R/RO(A,X, t ) ]  , ( 2) 
where J i s  the  i n t e g r a l  p a r t i c l e  f l u x ,  A t h e  atomic number, Z t h e  
nuclear  charge,  t the  t i m e  i n  the event,  W the  t o t a l  energy, Wo the  
rest energy, and R the  r i g i d i t y .  Although these  equat ions are 
adequate representa t ions  f o r  the  l imited i n t e r v a l s  where nuclear  
composition d a t a  exists,  i t  should be mentioned t h a t  n e i t h e r  equat ion 
(1) nor (2) holds f o r  a l l  energ ies  and times, although equation (2)  
is b e t t e r  than equat ion (1) f o r  energies below about 35 M e V .  
values  of V and ~0 are given i n  tab les  1 and 2 f o r  those ins tances  
Measured 
where d a t a  are ava i l ab le  f o r  more than one component. 
Freier and Webber (1963) were the f i r s t  t o  show t h a t  an exponent ia l  
r i g i d i t y  spectrum of the  form given by equat ion (2 )  was an exce l l en t  
r ep resen ta t ion  of t he  da t a .  They showed f u r t h e r  t h a t  t he  r i g i d i t y  spec t r a  
of protons and helium nuc le i  are of ten  s i m i l a r  i n  shape; t h a t  is Ro of 
equat ion (2)  is  approximately the  same f o r  t h e  two nuclear  species. 
example of t h i s  e f f e c t  i s  shown i n  Fig. 1. However, they a r e  not a lways  
exac t ly  t h e  same. I n  two ins tances ,  a t  1603 UT on November 19,1960 and a t  
1405 UT and 0930-1700 UT on September 3, 1960, when t h e  spectra of pro- 
tons and mul t ip ly  charged p a r t i c l e s  could be measured over a wide r i g i d i t y  
An 
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i n t e r v a l ,  t he  Ro va lues  were s i g n i f i c a n t l y  d i f f e r e n t .  
t h e  d a t a  ( B i s w a s  and F i c h t e l ,  1963) indicated t h a t  t h e r e  was less than 
An ana lys i s  of 
a 0.19. chance of Q values  of protons and helium nuc le i  being the  same. 
Fig.  2 is  an example of spec t r a  which have d i f f e r e n t  R values .  The 
0 
measurements were made using nuclear  emulsions flown on bal loons and 
sounding rockets  and the  re ferences  are given i n  t a b l e  2.  I n  the  
bal loon experiments, t he  measurements covered an energy range from about 
300 t o  800 Mev f o r  t he  protons and about 80 t o  300 Mev/nucleon f o r  t he  
helium nuc le i ,  whi le  i n  the l a t t e r  s tud ies  protons and helium nucle i  
were measured i n  the  energy i n t e r v a l s  from about 15 t p  300 Mev and 
30 t o  130 Mev/nucleon respec t ive ly .  
When proton t o  helium r a t i o s  are compared,it is  found t h a t ,  
al though the  helium and hydrogen nuc le i  seem t o  have s i m i l a r  r i g i d i t y  
spec t r a ,  t he  r a t i o  of t he  two components i n  the  same r i g i d i t y  i n t e r v a l  
v a r i e s  g r e a t l y  from one event t o  another and from one t i m e  i n  an event 
to another.  Above approximately 0.8 Mev r i g i d i t y ,  t h e  proton t o  helium 
r a t i o  has var ied  from 2 50:l  t o  1:l with smaller r a t i o s  tending t o  be 
more common. Table 2 gives some of the r a t i o s  t h a t  have been observed 
by experimenters.  These d a t a  are taken l a r g e l y  from t h e  summaries of 
F r e i e r  and Webber (1963) f o r  t he  r i g i d i t y  range above approximately 
0.8 Bv and B i s w a s  and F i c h t e l  (1963) for t he  r i g i d i t y  range from approxi- 
. 
mately 0.5 t o  1.0 Bv. Addit ional  measurements included i n  Table 2 were 
made r ecen t ly  by McDonald, e t  a l .  (1965) using a s c i n t i l l a t o r  te lescope  
flown on the  IMP sa t e l l i t e s .  
I n  a l l  t he  ins tances  where the  f luxes of t h e  proton and helium 
nuc le i  could be measured i n  the  same energy per  nucleon i n t e r v a l ,  the  
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He nuc le i  energy/nucleon spectrum had a much s t eepe r  s lope  than the  
proton one. 
1 gives  the  V values  ca lcu la ted  from Equation (1). Figures  4a  and 4b 
show t h e  energy/nucleon s p e c t r a  f o r  protons,  helium nuc le i ,  and medium 
n u c l e i  f o r  those ins tances  when a l l  th ree  nuc lear  spec ies  have been 
observed a t  t h e  same t i m e .  
F ig .  3 shows a typical example of t h i s  e f f e c t  and Table 
I n  consider ing t h e  hydrogen t o  helium nuc le i  r a t i o  wi th in  a 
given v e l o c i t y  increment, then ,  t he  i n t e r v a l  must be spec i f i ed  s ince  
the  r a t i o  v a r i e s  markedly wi th  energy, as shown i n  Fig.  5 .  I n  addi t ion  
t o  t h i s  r a t i o  varying appreciably with energy pe r  nucleon i n  one event ,  
t h e r e  is now some evidence t o  ind ica te  t h a t  f o r  a given v e l o c i t y  
i n t e r v a l  t he re  can a l s o  be considerable  v a r i a t i o n  i n  t h i s  r a t i o  from 
one event t o  another  as shown i n  Fig. 5. 
which have been measured at times when comparisons could be made i n  
the  same energy per  nucleon in t e rva l .  Unfortunately,  t he  high and 
unce r t a in  magnetic cutoff  a t  Minnesota prevents  t he  ca l cu la t ion  of t h i s  
r a t i o  i n  many cases when helium nuclei  d a t a  were a v a i l a b l e  because the  
protons i n  the  same k i n e t i c  energy i n t e r v a l  as the  observed He nuc le i  
were p a r t i a l l y  o r  e n t i r e l y  forbidden by t he  magnetic f ie ld .  
Table 2 gives  t h e  r a t i o s  
B. MULTIPLY CHARGED NUCLEI 
The d a t a  on heavy nuc le i  ( Z  2 3) are more l imi ted  bu t  easier t o  
surmnarize. Because of t h e i r  s h o r t  ranges, almost a l l  of t h e  informa- 
t i o n  on ene rge t i c  s o l a r  heavy nuclei  has  come from sounding rockets  and 
s a t e l l i t e s ,  and i n  only two cases has i t  even been poss ib le  t o  de t ec t  
them a t  bal loon a l t i t u d e s .  Heavy nuclei  were f irst  de tec ted  i n  the  
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September 3, 1960 s o l a r  cosmic ray  event i n  nuclear  emulsions flown on 
sounding rockets  from For t  Churchi l l  ( F i c h t e l  and GUSS, 1961). They 
were subsequently seen again i n  t h e  November 1960 events  i n  nuc lear  
emulsions flown on bal loons,  sounding rocke t s ,  and satel l i tes  by B i s w a s  
e t  al. (1962) , Yagoda e t  al .  (1961), Ney and S t e i n  (1962), B i s w a s  e t  al .  
(1963) , and B i s w a s  and F i c h t e l  (1963) w i t h  an  ion iza t ion  and Cerenkov 
counter  system flown by Pomeranz and Witten (1962), and i n  the  J u l y  18, 
1961 event wi th  nuclear  emulsions flown on a balloon (Biswas, e t  a l . ,  
1965). 
The evidence which exists a t  present i nd ica t e s  t h a t  t he  energy 
pe r  nucleon s p e c t r a  of t he  medium nuclei  and the  helium nuc le i  are t h e  
saw. 
ca lcu la ted  by B i s w a s  and F i c h t e l  (1963) are given i n  Table 1 and are 
seen t o  be the  same wi th in  unce r t a in t i e s .  Fu r the r ,  s ince  a l l  of  t h e  
medium nuc le i  which occur i n  de tec tab le  amounts have t h e  same charge 
4 t o  mass r a t i o  as H e  , t he  r i g i d i t y  spectra of these  two nuclear  spec ies  
are a l s o  the  same, assuming of course t h a t  t h e  nuc le i  have been com- 
p l e t e l y  s t r ipped  of t h e i r  e l ec t rons .  F igs .  1, 2 ,  3, and 4 a l l  show t h e  
s i m i l a r i t y  of  t h e  helium and medium spec t r a .  I n  add i t ion  t o  having t h e  
same r i g i d i t y  spec t r a ,  t he  relative abundances of helium and medium 
nuc le i  i n  t h e  same r i g i d i t y  in te rva ls -have  been measured seve ra l  times 
i n  th ree  events  and found t o  be  t h e  same wi th in  u n c e r t a i n t i e s ,  as 
ind ica ted  i n  Table 3. The v a r i a t i o n  of one of t h e  helium t o  medium 
r a t i o s  from t h e  average by two standard dev ia t ions  i s  not thought t o  be 
s i g n i f i c a n t  both because one such deviat ion i n  a sample of s ix  is not 
The 7' values  of Equation 1 for  helium and medium nuc le i  as 
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too  un l ike ly  and because the  o the r  two r a t i o s  measured i n  the  same 
event are wi th in  one standard deviation. Since the  helium t o  medium 
r a t i o  is  cons tan t ,  t he  proton t o  medium r a t i o  v a r i e s  i n  a manner 
s i m i l a r  t o  the  proton t o  helium one, which w a s  shown i n  Fig.  5. 
The r e l a t i v e  abundances among the heavy nuc le i  f o r  those nuc le i  
which could be measured i n  the  same energy per  nucleon i n t e r v a l s  have 
been found t o  be the  same each t i m e  a measurement w a s  made, namely, 
f i v e  times i n  two events  (Biswas et  a l . ,  1962 and B i s w a s  e t  a l . ,  1963). 
These d a t a  a r e  summarized i n  Table 4. This  r e s u l t ,  of course,  suggests 
t h a t  i f  these  o the r  nuc le i  had been present i n  s u f f i c i e n t  numbers t o  
measure a r i g i d i t y  spectrum, t h e i r  r i g i d i t y  spectrum would have been 
the  same as the  medium and helium nuclei .  
The r e s u l t s  summarized i n  the  l a s t  two paragraphs ind ica t e  t h a t  
i t  is poss ib ly  meaningful t o  speak of r e l a t i v e  abundances of s o l a r  
cosmic ray  mult iply charged nuc le i ,  and t h a t  the  b e s t  es t imates  of 
these abundances would be obtained by tak ing  the  average composition 
i n  the  same v e l o c i t y  i n t e r v a l s  from a l l  of t he  d a t a  ava i lab le .  
Therefore ,  t he  average composition of t h e  mult iply charge nuc le i  i n  
the  same v e l o c i t y  i n t e r v a l s  a s  measured i n  the  f i v e  f l i g h t s  mentioned 
above i s  presented i n  Table 5 wi th  a base of one having been chosen 
f o r  oxygen. 
than two), t he  medium nucle i  ( 6  s nuclear charge % 9) are seen t o  be 
the  most abundant, while B e  and B are  so rare t h a t  only upper l i m i t s  
can be set. A c lose r  examination shows t h a t  the  r e l a t i v e  abundances 
of the  energe t ic  s o l a r  p a r t i c l e s  are the same wi th in  unce r t a in t i e s  a s  
the  s o l a r  abundances determined by spectroscopic means. Since the  
Among the  heavy nuc le i  ( those with nuclear  charges g r e a t e r  
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s o l a r  and universa l  abundances are s imi la r ,  al though not the  same, 
the  s o l a r  cosmic ray  composition is  also s i m i l a r  t o  the  universal  
abundances. The s o l a r  cosmic rays are,  however, markedly d i f f e r e n t  
i n  composition from the  g a l a c t i c  cosmic rays which a r e  w e l l  known 
t o  be r i c h  i n  the  heavy elements. The poss ib le  s ign i f i cance  of these  
r e s u l t s  w i l l  be discussed i n  some d e t a i l  i n  the  next two sec t ions  of 
t h i s  payer, i . e .  111 and I V .  
Kurnosova, Razorenov, and Fradkin (1962) have reported a few 
increases  of heavy nuc le i  above cosmic r ay  background i n  the  re la t i -  
v i s t i c  region l a s t i n g  on the  order  of two t o  twenty minutes and not 
assoc ia ted  wi th  a s o l a r  p a r t i c l e  event of t he  usual v a r i e t y .  These 
measurements were made on a s a t e l l i t e  wi th  a Cerenkov counter system. 
Although o the r  experiments which would have de tec ted  t h i s  type of 
increase  have been flown (McDonald, 1965), no o ther  increase  of 
r e l a t i v i s t i c  heavy nuc le i  has been reported.  Since these  events  are 
apparent ly  of a d i f f e r e n t  na ture  from t h e  low energy s o l a r  p a r t i c l e  
events being discussed here and nothing more is ye t  known about them, 
they w i l l  not be t r e a t e d  fu r the r .  
C. ISOTOPIC COMPOSITION OF SOLAR HYDROGEN AND HELIUM NUCLEI 
A s  mentioned earlier,  protons are by f a r  t he  most abundant s ing ly  
charged nuc le i .  However, experiments have been performed t o  look f o r  
the  poss ib le  presence of deuterons and t r i t o n s .  Attempts t o  d e t e c t  
deuterons have been made i n  four  events. I n  a rocket  f l i g h t  on 
November 1 2 ,  1960, B i s w a s  e t  al .  (1962) found t h e  deuteron t o  proton 
r a t i o  w a s  less than 3 ~ 1 0 - ~  i n  the energy i n t e r v a l  from 25 t o  48 M e V /  
nucleon and subsequently F r e i e r  and Waddington(l9Sb) found a l i m i t  of 
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2 ~ l O - ~  i n  t he  i n t e r v a l  above 50 Mev/nucleon i n  t h e  J u l y  18, 1961 
event.  Both of these  measurements were made wi th  nuclear  emulsions. 
McDonald e t  al. (1965) found the  proton t o  deuteron r a t i o  to  be 
about ~ x I O - ~  f o r  protons with energies  from 15 t o  75 Mev and deuterons 
wi th  energ ies  from 20 t o  100 Mev i n  both the  March 16, 1964 and 
February 5, 1964 events.  Since the  p a r t i c l e  energy spec t r a  decreases  
r ap id ly  wi th  energy, the  proton t o  deuteron r a t i o  i n  the  same energy 
nucleon i n t e r v a l  is somewhat less than this number, but  s t i l l  f i n i t e  
These p a r t i c l e s  were de tec ted  i n  the  IMP s c i n t i l l a t i o n  counter tele- 
scope mentioned previously.  Perhaps it is important t o  note  t h a t  the  
l a t t e r  two events  i n  which deuterons were a c t u a l l y  seen were small 
events  during a period near s o l a r  minimum, whereas the  o ther  two 
events were much l a rge r  ones. 
Small q u a n t i t i e s  of t r i t i u m  were detected by radiochemical s t u d i e s  
of materials recovered from a s a t e l l i t e  and sounding rockets  flown i n  
the  November 1 2 ,  1960 event (Fireman e t  a l . ,  1961 and T i l l e s  e t  a l . ,  
1963). The observed p a r t i c l e s  represent the  combination of t r i t o n s  
formed i n  i n t e rac t ions  i n  the  mater ia l  above the  d e t e c t o r ,  t r i t o n s  
temporarily trapped i n  the  r ad ia t ion  b e l t s ,  and any primary t r i t o n s  
which might be present .  
the  t r i t o n  abundance, the  s i t u a t i o n  i s  f u r t h e r  complicated by having 
no d i r e c t  measure of t he  in tegra ted  proton f lux  i n  the  case of t he  
s a t e l l i t e ,  Discoverer 1 7 .  Assuming the  major i ty  of the  t r i t o n s  a r e  
I n  t ry ing  t o  make a q u a n t i t a t i v e  estimate of 
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s o l a r ,  as T i l l e s  e t  al. suggest,  and an in t eg ra t ed  proton f l u x  above 
30 Mev of between 10 icm (estimated by t h e  authors on the  b a s i s  of 
9 2  
riometer d a t a  and d i r e c t  par t ic le  measurements at a few times during 
t h e  event) and 4x10 
1963:, from radiochemical data)  a t r i t o n  t o  proton r a t i o  of (1 t o  4) x 
9 (estimated by Lal,  Rajagopalan, and Venhatavaradan, 
above 30 Mev/nucleon is obtained. La1 e t  al .  (1963), on t h e  b a s i s  
of r a d i o a c t i v i t y  d a t a ,  concluded that more than  80% of t h e  t r i t o n s  were 
secondaries,  i n  which case the  r a t i o  might be as small as 2x10 . I n  
a sounding rocket payload T i l l e s  e t  a l .  (1963) measured an in t eg ra t ed  
t r i t o n  f l u x  of about 8x10 / c m  
-4 
4 2  i n  t he  energy i n t e r v a l  from approxi- 
mately 0 t o  27 Mev/nucleon. 
Ogi lv ie  e t  a l .  (1962), t h e  in t eg ra t ed  f l u x  of protons i n  t h e  energy 
From the  s c i n t i l l a t i o n  counter r e s u l t s  of 
7 2  
i n t e r v a l  from 2 t o  27 Mev w a s  about 8x10 /cm during t h e  rocket f l i g h t .  
3 1  Therefore,  t h e  r a t i o  H /H i s  s for s o l a r  p a r t i c l e s  i n  the energy 
range from approximately 0 t o  27 Mevlnucleon. 
B i s w a s  e t  a l .  (1962) i n  nuclear emulsions flown i n  the  same sounding 
Di rec t  measurements by 
rocke t  on November 12, s e t  a n  upper l i m i t  t o  the t r i t o n  f l u x  i n  the  
i n t e r v a l  from 20 t o  45 Mev/nucleon o f <  .7  H /cm ster sec.  The f l u  3 2  
of protons measured i n  t h e  same f l i g h t  ( B i s w a s  et  a l . ,  1962) was 
0 . 9 ~ 1 0  protonsi’cm ster sec i n  the  same i n t e r v a l  (20-45 Mev). There- 
f o r e ,  t h e  t r i t o n  t o  proton r a t i o  w a s  5 10 
3 2 
-3 i n  t h e  energy i n t e r v a l  
20-45 Mev/nucleon. I n  the  Ju ly  18, 1961 even t ,  Freier and Waddington (1964b) 
using nuclear emulsions flown on a balloon, set an upper l i m i t  t o  t h e  
t r i t o n  t o  proton r a t i o  of 0 . 6 ~ 1 0 - ~  i n  t h e  energy reg ion  above 50 M e V /  
nuc leon. 
13 
On the  b a s i s  of the  above ana lys i s ,  w e  f e e l  t h a t  t he  present  
experimental  r e s u l t s  i nd ica t e  t h a t  the deuteron t o  proton r a t i o  f o r  
s o l a r  p a r t i c l e s  i n  the  approximate in t e rva l  from 10 t o  10 Mevjnucleon 
is on t he  order  of a (few) X or less and the  t r i t o n  t o  proton 
r a t i o  is  probably less than Variat ions i n  these  r a t i o s  from 
event t o  event probably occur; so there  is nothing too su rp r i s ing  about 
t he  l i m i t  i n  one event being more severe than the  r a t i o  measured i n  
another.  The r a t i o  might a l s o  be expected t o  vary with the  v e l o c i t y  
i n t e r v a l .  
2 
Re la t ive ly  l i t t l e  is known f o r  c e r t a i n  about the  r e l a t i v e  abun- 
dance of the  helium isotopes.  Schaeffer and Zahringer (1962) reported 
the  presence of He3 i n  a radiochemical s tudy of some of the  components 
of t he  Discoverer 17 sa te l l i t e  and estimated the  He  /He r a t i o  t o  be 
0.2 wi th  an uncer ta in ty  of a f a c t o r  of th ree .  
l a r g e r  concentrat ions of He3 a t  grea te r  depths of material. 
i s  su rp r i s ing  i f  the  majori ty  of these p a r t i c l e s  are primaries because 
the  steep energy spectrum should have predominated over any e f f e c t  of 
the  v a r i a t i o n  of t he  geomagnetic cu tof fs  
g ive  a decreasing He3 f l u x  w i t h  depth. 
i n  the  experiment mentioned corresponds t o  a f l u x  which seems t o  be 
about t en  times l a r g e r  than the  t o t a l  helium f l u x  i n  the  energy range 
from 40 t o  105 Mev/nucleon estimated from the  work of Biswas e t  a l .  (1962), 
namely about 4 X lo7 Helcn?. 
bes t  not  t o  state a He /He 
3 4  
However, they observed 
This  r e s u l t  
wi th  sa te l l i t e  pos i t i on  t o  
Fur ther ,  t he  abundance of He3 
Because of these  unce r t a in t i e s ,  i t  seems 
3 4  
r a t i o  a t  t h i s  t i m e .  
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D. ELECTRONS 
The abundance of very energe t ic  e lec t rons  is expected t o  be small 
due t o  t h e  high rate of energy loss by synchrotron r ad ia t ion  a t  l a rge  
r e l a t i v i s t i c  energ ies ;  so, even i f  there  were la rge  numbers of these  
ene rge t i c  e l ec t rons  i n i t i a l l y ,  they would soon lose  t h e i r  energy. 
Although the  f l u x  of very energet ic  s o l a r  e l ec t rons  is known t o  
be r e l a t i v e l y  small, appreciably l e s s  than the  proton component, posi-  
t i v e  evidence f o r  e l ec t rons  does e x i s t  f o r  a t  least one event (Meyer 
and Vogt, 1962). I n  the  J u l y  18, 1961 event ,  t he  f l u x  of e l ec t rons  
g rea t e r  than 100 Mev was measured t o  be 0.04 e l . / (cm ster sec), o r  a 
few percent  of the  proton f l u x  i n  the  same k i n e t i c  energy region. 
o ther  events ,  September 3, 1960 (Meyer and Vogt, 1962; Earl, 1962), 
November 12 ,  1960 (Yates, 1963) , and November 15, 1960 (Ney and S t e i n ,  
1962) , and March 16, 1964 (Cline,  Ludwig and McDonald, 1964), t he re  was 
no p o s i t i v e  of e lec t rons .  On September 4,  1960, E a r l  (1962) obtained 
an upper l i m i t  of 0.0025 fo r  the  r i g i d i t y  i n t e r v a l  g rea t e r  than 450 
Mev/c; t h e  o ther  l i m i t s  i n  a s imi l a r  r i g i d i t y  range a r e  l e s s  severe.  
During t h e  March 16, 1964 so la r  event the  3 t o  8 Mev e l ec t ron  f l u x  
increased less than 50% while the  15 t o  7 5  Mev proton f l u x  increased by 
severa l  o rders  of magnitude (Cline e t  a l . ,  1964). Considering the  f l u x  
l e v e l s  and the  general  shape of t he  spec t ra ,  these  r e s u l t s  suggest an 
e l ec t ron  t o  proton r a t i o  a t  about 5 Mev of much less than 1%. 
2 
I n  
I n  addi t ion  t o  the  experiments re la ted  t o  d i r e c t  measurements a t  
the e a r t h ,  S t e i n  and Ney (1963) have shown t h a t  t he  continum e lec t ro -  
magnetic r ad ia t ion  from la rge  s o l a r  f l a r e s  is cons is ten t  with the 
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i n t e r p r e t a t i o n  t h a t  t h i s  r a d i a t i o n  i s  due t o  the  synchrotron r a d i a t i o n  
of e l ec t rons .  They have f u r t h e r  shown t h a t  the  number of e l ec t rons  
needed t o  produce the  observed in t ens i ty  is  of t he  same order  as t h e  
estimated number of protons accelerated i n  a l a rge  s o l a r  f l a r e  and 
t h a t  the  necessary magnetic f i e l d  is of the  order  of 500 gauss,  which 
s e e m  t o  be a conservat ive estimate of t y p i c a l  f i e l d  s t r eng ths  ( A l l e r ,  
1953). Therefore ,  present  ind ica t ions  suggest t h a t  i n  f a c t  t h e  e l ec t rons  
are acce lera ted  a t  the  sun along wi th  the protons,  but  l o se  t h e i r  energy 
quickly by synchrotron r ad ia t ion  so that  only a r e l a t i v e l y  few high 
energy e l ec t rons  ever reach the  ea r th .  
Re la t ive ly  l a rge  f luxes  of low energy e l ec t rons  ( k i n e t i c  energy 
> 1 MeV) have a l s o  been observed. Hoffman e t  al. (1962) de tec ted  
3x10 e l / ( cm ster SeC) between 10 and 3 5 ~ e v .  f o r  about t e n  minutes on 
6 2 
September 30, 1961, assoc ia ted  approximately with the  a r r i v a l  of t he  
sudden commencement. Except f o r  t h a t  period the  f l u x  was l e s s  than the 
de t ec t ab le  l i m i t  of 2x10 5 2 e l / ( c m  ster set). 
E. NEUTRONS 
No pos i t i ve  evidence is ava i lab le  a t  present  f o r  neutrons of s o l a r  
o r i g i n .  Anderson e t  al .  (1959) obtained an upper l i m i t  of 0.02 f o r  t h e  
r a t i o  of neutrons above 120 Mev t o  protons above 100 Mev i n  a s tudy 
during t h e  August 22, 1958 s o l a r  p a r t i c l e  event.  Energet ic  neutrons 
are not p a r t i c u l a r l y  expected, because, being unchargedJthe most l i k e l y  
acce le ra t ion  mechanisms w i l l  have no e f f ec t  on them. However, t h e  need 
f o r  more experiments i n  t h i s  area is  c l ea r ly  evident .  
The p o s s i b i l i t y  of s o l a r  neutrons from secondary processes during 
r e l a t i v e l y  q u i e t  s o l a r  per iods has been suggested i n  the  l i t e r a t u r e .  
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This  quest ion arose i n  connection w i t h  t he  apparent observation of a 
continuous qu ie t  t i m e  f l u x  of protons of energy less than - 200 Mev 
which w a s  s teady f o r  a t i m e  period of s eve ra l  weeks during the  years  
1960 and 1961 when s o l a r  a c t i v i t y  was r e l a t i v e l y  high (Meyer and 
Vogt, 1963a; and Stone , 1964). Satellite experiments s e e m  t o  ind i -  
c a t e  t h a t  i n  1961 the  d i f f e r e n t i a l  flux was almost constant from 
about 10 t o  130 Mev (Stone, 1964), and t he  r e s u l t s  of Meyer and Vogt 
suggested the  p o s s i b i l i t y  of a r i s i n g  spec t r a  a t  low energ ies .  
order  t o  explain t h i s  phenomena, Simpson (1963) suggested t h a t  these  
low energy protons could be decay products of neutrons emitted from 
the  sun. These s o l a r  neutrons might be produced, i f  protons and He  
particles were acce lera ted  more o r  less  continuously and suffered 
c o l l i s i o n s  deep i n  the  s o l a r  atmosphere. The neutron f l u x  expected on 
the  b a s i s  of t h i s  hypothesis has been ca lcu la ted  under var ious assump- 
t ions  (Lingenfe l te r  and Flannn, 1964). However, t he re  i s  s t rong  evidence 
r e s u l t i n g  from nuclear emulsion experiments flown on bal loons t o  ind i -  
c a t e  t h a t  i n  the  years 1960 and 1961 the re  was not a continuous qu ie t  
time f l u x  ( F r e i e r  and Waddington, 1965; F i c h t e l ,  GUSS,  Stevenson, and 
Waddington, 1964), and fu r the r  there  has been a systematic  difference& 
where comparisons are ava i l ab le  between the  r e s u l t s  of Meyer and Vogt 
and o ther  exper imenta l i s t s  i n  the years 1962 through 1964 (Brunstein,  
1964; F i c h t e l ,  Guss , Kniffen, and Neelakantan, 1964; Balasubrahmanyan, 
and McDonald, 1964; Freier and Waddington, 1964a; O r m e s  and Webber, 
1964; F i c h t e l ,  GUSS, and Durgaprasad, 1965; McDonald and Ludwig, 1964; 
Meyer and Vogt , 1963b). 
I n  
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111. RELATIONSHIP OF THE COMPOSITION OF SOLAR COSMIC RAYS TO OTHER 
ASTROPHYSICAL PROBLEMS 
I n  t h i s  s ec t ion ,  t he  s ign i f icance  of the  experimental d a t a  w i l l  be 
discussed i n  terms of four  r e l a t ed  problems. The f i r s t  of these  is  the  
s tudy of t h e  propagation of s o l a r  p a r t i c l e s  i n  in t e rp l ane ta ry  space 
and t h e  bear ing of t he  composition da ta  on t h i s  problem. 
back a s t e p  f a r t h e r  i n  the  s o l a r  p a r t i c l e d  h i s t o r y ,  a look w i l l  be 
taken a t  the  acce le ra t ion  of high energy s o l a r  p a r t i c l e s .  Thi rd ly ,  
t h e  r e l a t i o n s h i p  of the  s o l a r  cosmic ray composition t o  t h a t  of t h e  
sun w i l l  be examined. F i n a l l y ,  t he re  w i l l  be a d iscuss ion  of t he  
Then, going 
d i f f e rence  between t h e  composition of t h e  s o l a r  and g a l a c t i c  cosmic 
rays  i n  d e t a i l  i n  order  t o  t r y  t o  understand t h e  importance of t hese  
d i f f e r e n c e s  i n  terms of the  p a r t i c l e s '  o r i g i n  and h i s to ry .  
A. PROPOGATION OF SOLAR PARTICLES 
Beginning now wi th  the  propagation, t he re  are two aspects  which 
w i l l  be given some a t t e n t i o n .  
which occurs  and the  second i s  the  amount of material which the  
p a r t i c l e s  have t raversed before reaching the  ea r th .  
The f i r s t  is the  type of propagation 
With regard t o  the  former, i t  is  r ea l i zed  now t h a t  the  propagation 
of s o l a r  p a r t i c l e s  is  not a simple matter. 
the  rise and f a l l  of t he  p a r t i c l e  i n t e n s i t y  and the  energy spectrum i n  
P r i n c i p l e ,  can depend on the  p a r t i c l e  v e l o c i t y ,  r i g i d i t y ,  pos i t ron ,  
and d i r ec t ion .  
charge t o  mass r a t i o  by a f a c t o r  of two from t h a t  of t he  protons,  they 
a l s o  have a very d i f f e r e n t  r i g i d i t y  from t h a t  of  t he  protons f o r  a 
given ve loc i ty .  Thus, i f  t h e  absolute d i f f e r e n t i a l  energy spec t r a  of 
The funct ion which descr ibes  
Since the  mult iply charged p a r t i c l e s  have a d i f f e r e n t  
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both protons and helium nuc le i ,  f o r  example, could be measured through- 
. ou t  an event,  together  wi th  tneir angular d i s t r i b u t i o n ,  very s i g n i f i -  
cant in s igh t  could be obtained i n t o  the  propagation c h a r a c t e r i s t i c s  
because comparisons of f luxes  at the same t i m e  could be made r a t h e r  
than having to  compare f luxes  of d i f f e r e n t  v e l o c i t i e s  a t  d i f f e r e n t  
times as is  t h e  case of s ing ly  charged particles.  
v a r i a t i o n s  of t h e  in t e rp l ane ta ry  conditions as a func t ion  of time can 
f u r t h e r  complicate the  p i c tu re .  Unfortunately,  only a few simul- 
taneous measurements of t he  spec t r a  of t he  two types of p a r t i c l e s  
exist. 
I n  t h e  last case, 
Even with these  l imited d a t a ,  however, it seems c l e a r  t h a t  a 
pure ly  r i g i d i t y  dependent propagation can be excluded. 
earl ier,  the  proton t o  helium r a t i o  i n  the  same r i g i d i t y  i n t e r v a l s  
has  been seen t o  vary appreciably from one t i m e  i n  a given event t o  
another .  
t o  another ,  while t he  helium t o  medium r a t i o  has been the  same i n  
each o f  the  th ree  events it w a s  measured. 
A s  was shown 
Fur ther ,  t h i s  r a t i o  has varied very markedly from one event 
Therefore ,  o the r  general  c lasses  of propagation bes ides  the  pure 
r i g i d i t y  one must be examined. 
development of a simple d i f f u s i o n  model f o r  s o l a r  cosmic rays  wherein 
t h e  s c a t t e r i n g  cen te r s  were magnetic-inhomogenieties (Parker ,  1956; 
Meyer, Parker ,  and Simpson, 1956; Parker, 1963b). Although the  d i f f u s i o n  
c o e f f i c i e n t  i n  general  can depend on both the  p a r t i c l e ' s  v e l o c i t y  and 
r i g i d i t y ,  Parker  suggests  t h a t  t he  propagation depends pr imar i ly  on i ts  
v e l o c i t y  below 1 Bev i n  the  inner  solar system because i n  t h i s  
region the  rad ius  of gyra t ion  i s  less  than t h e  s c a l e  length of t he  
One approach t o  the  problem was the  
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magnetic f i e l d  d isorder ing .  
been accumulated t o  ind ica t e  t h a t  the t i m e  h i s t o r y  of  the  energy spectrum 
does follow approximately the  predict ions of simple d i f f u s i o n  equat ions 
(Bryant,  Cline, Desai, and McDonald, 1962; Hoffman and Winckler, 1963; 
Bryant,  Cl ine ,  Desai and McDonald, 1965; Krimigis,  1965) and t h a t  a t  
least e a r l y  i n  an event the  propogation is  pr imar i ly  v e l o c i t y  dependent 
(Bryant e t  a1.,1962; B i s w a s  e t  a l . ,  1962; Bryant et a1.,1965). 
During the  dec l in ing  phase, a somewhat d i f f e r e n t  p i c tu re  appears. 
Considerable experimental evidence has now 
The f a c t  t h a t  an exponential  decay of p a r t i c l e  f l u x  is  o f t en ,  o r  
usua l ly ,  seen late i n  an event (Webber, 1964; Bryant e t  a l . ,  1962) 
suggests  t h a t  p a r t i c l e s  are escaping from the  region i n  which they are 
being held (Parker ,  1962). 
absolu te ly  sharp,  but r a t h e r  cons i s t s  of a volume i n  which the  mag- 
n e t i c  f i e l d  i r r e g u l a r i t i e s  are l e s s  frequent and weaker. 
It i s  unl ikely t h a t  t h i s  boundary is  
However, the  pr imar i ly  garden hose na ture  of the  magnetic f i e l d  
which has now been measured (Ness, Scearce, and Seek, 1964) cannot be 
ignored, and the  d i f f u s i o n  theory must take  i n t o  account the  super- 
imposed e f f e c t s  of magnetic i r r e g u l a r i t i e s  and the semiregular f i e l d s .  
Theore t i ca l  ca l cu la t ions  aimed at beginning t o  so lve  t h i s  problem have 
been made (F ib i sh  and Abraham, 1965). One i n t e r e s t i n g  r e s u l t  is t h e  
conclusion t h a t  t h e  time h i s t o r y  expected from other  f i e l d  configura- 
t i o n s  may bear many similarities t o  simple d i f f u s i o n  (Boldt,  1964). 
The an is t ropy ,  however, can be very d i f f e r e n t .  
20 
Turning now t o  t h e  amount of material t raversed ,  t he re  are a 
number of ways i n  which t h i s  parameter could be determined from the  
composition. These methods c o n s i s t ,  f o r  t he  most p a r t ,  i n  measuring 
the  abundances of some isotope or  charge spec ies  which presumably 
exist i n  only a neg l ig ib l e  amount on the  sun, but  is formed by 
fragmentation i n  the  acce le ra t ion  region o r  during the  in t e rp l ane ta ry  
propagation. Other less quan t i t a t ive  means of es t imat ing  the  material 
t raversed  are r e l a t e d  t o  the  s tudy of t h e  energy spec t r a  and r e l a t i v e  
abundances of var ious  components. I n  the  next s eve ra l  paragraphs the  
estimates of the amount of ma te r i a l  t raversed using seve ra l  d i f f e r e n t  
approaches w i l l  be discussed.  
The upper l i m i t  t o  t he  r e l a t i v e  abundancesof B e  and B nuc le i  
given i n  Table 5 sets a l i m i t  on t h e  number of t hese  n u c i e i w h i c h  
could have been formed by the  fragmentation of S nuc le i  (nuc lear  
charge 2 6 ) .  
and the  ana lys i s  used t o  supplement the e x i s t i n g  d a t a  presented by 
Badhwar, Daniel  and Vijagalakshmi (1962) and Badhwar and Daniel  (1963) ,  
t h e  c ross -sec t ions  f o r  producing B e  and B from C y  N3 Oiand Ne a t  55 
Mev/nucleon ( t h e  mean of t h e  experimental r e s u l t s )  are 320, 133, 100) 
and 40 mb respec t ive ly .  The unce r t a in t i e s  of these  va lues  could be as 
high as a f a c t o r  of about two. The cont r ibu t ion  f romZ 2 10 n u c l e i  i s  
s m a i l .  Using the  r e l a t i v e  abundances of s o l a r  p a r t i c l e  r a d i a t i o n  as 
given i n  Table 5, t h e  above cross-sect ion va lues ,  and the  observed l i m i t  
of the  abundance of B e  and B ,  the  amount of matter t raversed  i s  found 
I n  accordance with the  ava i l ab le  d a t a  on c ross  sec t ions  
t o  be 0.1 gm/cmz of H.  Assuming the uncer ta in ty  of t h e  c ross -sec t ion  
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2 t o  be  a f a c t o r  of two, t he  l i m i t  becomes < 0.2 @ / c m  of hydrogen. 
T r i t o n s  are another p a r t i c l e  species which must be formed p r i -  
Using the  cross-sect ion d a t a  assembled by mar i ly  by fragmentation. 
T i l l e s  e t  al .  (1963) and F l m  et  a l .  (1962) and a H t o  He  r a t i o  of 
20, which seems t y p i c a l  f o r  the  energy i n t e r v a l  of i n t e r e s t ,  t h e  
l i m i t  t o  t he  H /H r a t i o  obtained earlier, namely < gives  an 
3 1  
2 upper l i m i t  t o  t h e  amount of material t raversed  of 0 .5  g m i c m  . I n  
4 3 t h i s  ca l cu la t ion ,  a[He (y,d)H 1 was assumed t o  be 30 mb. 
I n  the  events  where only an upper l i m i t  could be set t o  t h e  
deutron f l u x  the  r e s u l t s  are s i m i l a r ,  and, i n  the  two events  where 
a small  deuteron f l u x  w a s  observed, the ca l cu la t ed  amount of material 
would be about t he  same as the  upper l i m i t  i n  t he  o the r  events  o r  a 
l i t t l e  l a rge r .  However, t h i s  approach may not  be too meaningful f o r  
t h e  events  i n  which McDonald e t  al. (1965) de tec ted  deuterons because 
the  upper l i m i t  t o  t h e  helium f l u x  i s  so small (H1/He > 200) t h a t  it 
seems very  un l ike ly  t h a t  deuterons were formed by He4 fragmentation, 
un less  t h e  helium nuc le i  are subsequently suppressed f o r  some reason. 
4 
3 4  The r a t i o  of He /He i n  the  so l a r  beam is  somewhat uncer ta in  as 
previous ly  discussed.  However, i f  the acce lera ted  s o l a r  p a r t i c l e s  
t raversed  < 0.1 gm/cm2 of hydrogen, the c ross -sec t ion  d a t a  of T i l l e s  
e t  a l .  (1963) and Flamm e t  a l .  (1963) lead t o  a H e  /He4 va lue  of 
< 3X10'3. 
3 
' Thisva lue  i s  about 70 times smaller than the  reported 
va lue  of 0 .2 ,  which had an uncertainty of a f a c t o r  of t h ree .  The 
observed va lue  g ives  the  amount of matter t raversed  as 6:i2, which is 
incons i s t en t  w i th  o the r  observat ions in t h e  November 12, 1960 event.  
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I 
.However, as Fireman (1963) po in t s  o u t ,  it may a l s o  be poss ib le  t h a t  
t h e  He  
S e v e r n i j i  and Shabanskii(1960). 
produced i n  t h i s  way, but  not H2 nuclei  which are the  thermal energy 
I 
3 were formed i n  thermonuclear react ions as suggested by 
Energetic H~ and He3 can be 
parent  p a r t i c l e s .  
There is o the r  evidence which argues s t rong ly  aga ins t  t he  amount 
of material t raversed  being as l a rge  as seve ra l  gm/cm2 i n  the  l a r g e  
events .  F i r s t ,  i f  t he  p a r t i c l e s  had passed through an amount of  
/ 
material approaching seve ra l  g d c d ,  t h e  source energyinucleon spectrum 
of the medium nuc le i  would have t o  be s u b s t a n t i a l l y  d i f f e r e n t  from t h a t  
of t he  helium nuc le i  wi th  a very much s teeper  spectrum i n  the  v i c i n i t y  
of  100 t o  200 Mev/nucleon. Fu r the r ,  t he  M/(Z 2 1 0 ) r a t i o  would be g r e a t e r  
than the  expected s o l a r  r a t i o  r a t h e r  than equal to  it. It seems more 
reasonable  t o  assume t h a t  t h e  observed composition and energy s p e c t r a  
are a r e s u l t  of an unbiased acce lera t ion  of a l l  nuc le i  r a t h e r  than 
the  coincidence of a biased acce lera t ion  and a j u s t  properly compen- 
s a t i n g  amoung of material t raversed before reaching the  ea r th .  
I 
F i n a l l y ,  I 
observat ions of s o l a r  proton s p e c t r a  i n  t he  energy i n t e r v a l  of about 
2 t o  80 Mev by d e t e c t o r s  i n  s a t e l l i t e s  (Bryant,  C l ine ,  Desai, and 
McDonald, 1965) during seve ra l  events  do not show any f l a t t e n i n g  or  
dec l ine  of  the  proton spectrum below about 50 MeV, as would have 
occurred i f  the  r a d i a t i o n  had a smooth spectrum a t  the  source and 
t raversed a f e w  gm/cm2 of hydrogen. Bryant e t  a l .  (1965), i n  f a c t ,  
suggest t h a t  the  amount of material traversed may be l e s s  than .001 
p/cm2 from s tud ie s  of t he  proton energy spectrum. 
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If it is pos tu la ted  t h a t  t h e  amount of ma te r i a l  t raversed ,  a f t e r  
t h e  a c c e l e r a t i o n  phase has begun is  less  than a f e w  t en ths  of a gm/cm 
then  t h i s  amount of material is not s u f f i c i e n t  t o  a f f e c t  t h e  r e l a t i v e  
abundances of t h e  mul t ip ly  charged nuc le i  i n  t h e  measured energy 
i n t e r v a l  by a d e t e c t a b l e  amount. 
t h i s  s e c t i o n  t h a t  t h e  relative abundances of p a r t i c l e s  wi th  t h e  same 
charge t o  mass r a t i o  i n  a given ve loc i ty  i n t e r v a l  w i l l  remain un- 
a f f ec t ed  by t h e  propagation s ince  they have t h e  same v e l o c i t y  f o r  a 
given r i g i d i t y .  
t i m e  and energy and the  con t r a s t ing ly  large v a r i a t i o n s  i n  t h e  proton t o  
helium r a t i o  then s t rong ly  suggest t h a t  t h e  medium and helium nuc le i  
have t h e  same ionized charge t o  mass r a t i o .  
c lus ion  then  is  t h a t  t hese  nuc le i  are f u l l y  ion ized ,  s ince  it is not 
l i k e l y  t h a t  oxygen n u c l e i  would have four e l e c t r o n s  removed and helium 
only one, f o r  example. 
constancy of t h e  r e l a t i v e  abundances of t h e  mul t ip ly  charged component 
e x i s t s  af ter  t h e  acce le ra t ion  phase at the sun and before  propagation 
t o  t h e  e a r t h .  
2 
Further,  i t  w a s  shown earlier i n  
The constancy of t h e  helium t o  medium r a t i o  both wi th  
The only reasonable con- 
We are then l e d  t o  t h e  conclusion t h a t  t h e  
The i n t e r e s t i n g  ques t ion  which immediately p re sen t s  itself is  
whether o r  not t h e  relative abundances of t he  mul t ip ly  charged n u c l e i  
r e f l e c t  those at t h e  sun. Th i s  w i l l  b.e discussed a f t e r  t h e  next 
s e c t i o n ' s  treatment on acce le ra t ion  phenomena. 
It should a l s o  be mentioned t h a t  i f  t h e r e  i s  i n t e r p l a n e t a r y  accele- 
r a t i o n ,  which p resen t ly  seems t o  be small compared t o  t h e  i n i t i a l  accele- 
r a t i o n ,  i t  probably has the  same c h a r a c t e r i s t i c s  as the  acce le ra t ion  a t  
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t h e  sun, which w i l l  be discussed i n  the next s ec t ion .  Therefore,  it 
w i l l  have no e f f e c t  on t h e  above d iscuss ion  of t he  constant r a t i o s .  
B. ACCELERATION OF SOLAR PARTICLES 
The problem of the  s o l a r  acce le ra t ion  of p a r t i c l e s  t o  high energ ies  
is one t h a t  is  f a r  from solved. Various poss ib l e  acce le ra t ion  mechanisms 
have been examined i n  some d e t a i l  previously (Parker ,  1957; Parker ,  1958; 
Alfven, 1959; F r e i e r  and Webber, 1963), and it has been concluded t h a t  
t he re  are th ree  acce le ra t ing  mechanisms which s e e m  t o  be p o s s i b i l i t i e s .  
They are t h e  Fermi mechanism (Fermi, 1949; Fermi, 1954; Parker ,  1958), 
t h e  b e t a t r o n  e f f e c t  (Alfven, 1959), and t h e  magnetic f i e l d  a n n i h i l a t i o n  
method including assoc ia ted  e l e c t r i c  f i e l d s  (Sweet, 1958; Dungey, 1958). 
Each of t hese  t h r e e  i n  t u r n  permits a l a r g e  number of v a r i a t i o n s  
depending on the  ind iv idua l  model selected.  I n  add i t ion ,  t h e r e  may 
be important s p e c i a l  i n j e c t i o n  mechanisms, such as thermonulear re- 
a c t i o n s  (Severn j i  and Shobanskii, 1960). 
The Fermi mechanism is divided into two phases, i n j e c t i o n  and 
acce le ra t ion  which is achieved by p a r t i c l e s  being r e f l e c t e d  from 
moving magnetic inhomogeneities. Since t h e  energy necessary f o r  
i n j e c t i o n  i n  a given phys ica l  s i t u a t i o n  can be a func t ion  of t h e  charge 
and atomic weight of t h e  nucleus, i t  is poss ib l e  t o  have a biased 
composition; however, i f  t he  e f f e c t i v e  temperature is such t h a t  t h e  
mean p a r t i c l e  energy is  g r e a t e r  than tha t  necessary f o r  i n j e c t i o n ,  no 
b i a s  w i l l  occur. 
by high energy e l ec t rons ;  however, the expected e l e c t r o n  d e n s i t y  
makes t h i s  lat ter p o s s i b i l i t y  seem unlikely.  
The n u c l e i  may be ionized i n  o the r  ways, f o r  example 
I n  t h e  subsequent accele- 
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r a t i o n ,  t h e  f i r s t  o rder  Fermi theory leads t o  a pa r t i c l e  spectrum which 
i s  a func t ion  of v e l o c i t y  only,  regardless  of  its charge t o  m a s s  r a t io -  
i t  being only necessary t h a t  t h e  p a r t i c l e  be charged. Previously i t  
has been shown ( B i s w a s ,  F i c h t e l ,  and Guss, 1962) t h a t  i n  a p a r t i c u l a r  
s i t u a t i o n  such as t h e  sun one can obtain a spectrum which is  both a 
func t ion  of v e l o c i t y  and r i g i d i t y ,  with a p a r t i c l e  having a smaller 
charge t o  mass r a t i o  having a s t eepe r  energy spectrum at  high energ ies ,  
This  modified Fermi mechanism would lead t o  s i m i l a r  s p e c t r a  f o r  a i l  
t he  n u c l e i  wi th  t h e  same charge t o  mass r a t i o  but d i f f e r e n t  s p e c t r a  f o r  
protons and helium nuc le i ,  as observed. 
The study of t he  problem of acce lera t ion  of cosmic rays has a l s o  
been inves t iga ted  by Hayakawa, N i s h i m u r a ,  Obayashi, and Sa to  (1965). 
For s o l a r  cosmic r ays ,  they conclude tha t  t h e  Fermi process  pre- 
dominates f o r  t he  acce le ra t ion  of nuclear p a r t i c l e s  i n  the  non-relat i -  
v i s t i c  region.  The i n j e c t i o n  energy is assumed t o  be 10 ev cor res -  
ponding t o  a thermal energy f o r  which T = lo7 %, which is  l a r g e ,  but 
poss ib ly  present  i n  t h e  source region. The energy ga in  then proceeds 
i n  the  normal Fermi manner by the  p a r t i c l e s  having c o l l i s i o n s  wi th  
magnetic i r r e g u l a r i t i e s  moving with Alfven v e l o c i t i e s ,  and t h e  ra te  
of change of energy i s  propor t iona l  t o  t h e  t o t a l  energy. This  process 
ends when the  p a r t i c l e  escapes from the acce le ra t ing  region. The i r  
c a l c u l a t i o n  shows t h a t  the  f i n a l  r i g i d i t y  is propor t iona l  t o  M / Z  and 
is  the re fo re  the  s a m e  f o r  a l l  mult iply charged nuc le i ,  but is d i f f e r e n t  
f o r  protons and helium nuc ie i ,  f o r  example. Thei r  theory i s  a l s o  con- 
s i s t e n t  w i th  an exponent ia l  spectrum at  low r i g i d i t i e s .  
3 
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A number of attempts have been made t o  f ind  an as t rophys ica l  
s i t u a t i o n  i n  which be ta t ron  acce lera t ion  can occur. 
suggests  t h a t  r e a l i s t i c  ca l cu la t ions  f o r  sunspot regions ind ica t e  
t h a t  t h e  be t a t ron  e f f e c t  by i t s e l f  i s  not an important process be- 
cause t h e  energy gained is too small and the  process is r eve r s ib l e .  
Even, i f  one includes a s c a t t e r i n g  e f f ec t  t o  p a r t i a l l y  e l imina te  the  
complete r e v e r s i b i l i t y ,  as Alfven (1959) has ,  the  be t a t ron  e f f e c t  
s t i l l  does not seem too l i k e l y  because of t he  necess i ty  of having t o  
go through severa l  cycles  of very large s c a l e  magnetic f i e l d  f luc tua-  
t i o n s  i n  a r e l a t i v e l y  sho r t  t i m e .  
Parker (1958) 
The magnetic f i e l d  ann ih i l a t ion -e l ec t r i c  f i e l d  acce le ra t ion  method 
has not been pursued very f a r  generally because of t he  d i f f i c u l t y  i n  
understanding how it  would be possible t o  obta in  the  necessary accele- 
r a t i o n  i n  a region whose physical  parameters a r e  s imi l a r  t o  those 
which the photosphere, the  chromosphere, o r  even the  corona are 
thought t o  have. An exce l len t  discussion of t h i s  problem is given 
by Parker  ( 19634 
Recently,  McDonald e t  a l .  (1965) have suggested the  p o s s i b i l i t y  
of a two-phase acce lera t ion ,  i n  which the  p a r t i c l e s  ga in  some energy 
while passing through a considerable  amount of material i n  the  f i r s t  
phase and then pass through r e l a t i v e l y  l i t t i e  during the  f i n a l  phase. 
This type of process would expla in  the presence of H2,  H and 
y e t  p e r m i t  a smooth s teep  f i n a l  proton spectrum and similar heavy 
nuc le i  spec t r a .  The poss ib le  va r i a t ion  i n  composition among HI,  p, 
3 3 and H e  
and He4 suggests t he re  may be important d i f f e rences  i n  the  
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. acce le ra t ion  processes  i n  d i f f e r e n t  events. A complete p i c t u r e  re- 
mains t o  be developed, but these  ideas should perhaps be explored 
fu r the r .  
I n  genera l ,  t he  study of the  multiply charged nuc le i  can a id  
g r e a t l y  i n  the  examination of t he  acce lera t ion  problem because it 
provides some d e f i n i t e  f a c t s  which any proposed mechanism must 
1 explain.  The r e s u l t s  on H?, @ ,  and He3 must c e r t a i n l y  be 
accounted f o r .  Fur ther ,  s ince  the  discussion i n  the  preceding sec- 
t i o n  ind ica ted  t h a t  the  propagation mechanism probably would nor: 
a f f e c t  t he  r e l a t i v e  abundances of the mul t ip ly  charged nuc le i  wi th in  
a given v e l o c i t y  i n t e r v a l ,  t he  following f ea tu res  r e l a t e d  t o  the  
observed c h a r a c t e r i s t i c s  then also apply t o  t h e  p a r t i c l e s  immediately 
a f t e r  acce lera t ion .  F i r s t l y ,  t he  multiply charged nuc le i  have had the  
same r e l a t i v e  abundances i n  the  same ve loc i ty  i n t e r v a l s  w i th in  un- 
c e r t a i n t i e s  each t i m e  a measurement was made, whereas t h i s  has not 
been t r u e  f o r  the  protons and helium nucle i  which have d i f f e r e n t  
charge t o  mass r a t i o s .  
t h i s  composition r e f l e c t s  t h a t  of the sun. 
medium nuc le i  have had the  same energy per  nucleon spectrum i n  the  
two events  where measurements could be made a t  the  same t i m e ,  whereas 
the  proton and helium nuc le i  spec t r a  i n  the  same events  were very 
d i f f e r e n t  . 
Secondly, insofar  as comparisons can be made 
Th i rd ly ,  t he  helium and 
These r e s u l t s  place important r e s t r a i n t s  on any acce le ra t ion  
theory and should a id  i n  determining the t r u e  acce le ra t ing  mechanism. 
For a f u r t h e r  d i scuss ion  of the  so l a r  p a r t i c l e  acce le ra t ion  problem, 
28 
bes ides  the  re ferences  a l ready  mentioned see Dungey (1964) , Gold (19641, 
Jaggi  (1964), Parker  (1957), Parker (1964), Petschek (1964), Severney 
(1960), Sweet ( l964) ,  and Wentzel (1964). 
F i n a l l y ,  a t e n t a t i v e  estimate of t h e  t i m e  of  acce le ra t ion  may be 
obtained i n  the  following manner. Assume t h a t  t h e  s o l a r  cosmic rays  
have not passed through more than 0.1 gm,cm2, i - e . ,  6 ~ 1 0 ~ ~  atoms of 
hydrogenicm2, during the  f i n a l  acce lera t ion  phase as ind ica ted  by 
some of t he  d a t a  presented earlier. Since the  amount of material 
t raversed  i n  in t e rp l ane ta ry  space is neg l ig ib l e  compared t o  t h a t  i n  
t h e  s o l a r  atmosphere, t h i s  l i m i t  for  t h e  material trizverscd a p p l i e s  t o  
t h e  s o l a r  region. The d e n s i t y  of matter a t  the  f l a r e  s i t e  i s  poorly 
known, but  has been estimated as being 10 
(Gold and Hoyle, 1960; and Parker ,  1957). A p a r t i c l e  wi th  an average 
energy between 10 and 50 Mevlnucleon has  a ve loc i ty  between 0.4~10 
and 1 . 0 ~ 1 0  cm/sec. Hence, t he  acce lera t ion  time with these  assump- 
li 3 - 1013 atoms of hydrogen,cm 
10 
10 
t i o n s  i s  not more than a few minutes and probzbly l e s s .  On the  o the r  
2 hand i f  t he  amount of material t raversed were of t he  order  of 3gmlcm , 
the  t i m e  would be i n  the  range from . 3  t o  7 0  minutes However, s ince  
t h e  e a r l y  phase of t h e  acce le ra t ion  may occur i n  the  more dense reg ions ,  
t h e  lower l i m i t  may be c l o s e r  to t h e  t r u e  value.  
C. RELATION TO SOLAR COMPOSITION 
There are a number of p ieces  of experimental  d a t a  which suggest 
t h a t  t h e  abundances of the  mult iply charged nuc le i  i n  t h e  range 
( 2  < i: s 20) r e f l e c t  those of the  sun. Before processing f u r t h e r ,  
t hese  f e a t u r e s  w i i i  be summarized. F i r s t ,  t he  experimental ly  observed 
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values  f o r  the  r e l a t i v e  abundances of the  mult iply charged energe t ic  
s o l a r  p a r t i c l e s  were the  same as those obtained by spectroscopic  means 
f o r  those n u c l e i  where a comparison could be made, namely carbon, 
n i t rogen ,  oxygen, and some of the  larger  nuc le i ,  and the  upper l i m i t  
of the  B e  and B f l u x  w a s  c e r t a i n l y  consis tent .  The r e s u l t s  show 
' fur ther  t h a t  wi th in  the  uncer ta in t ies  t h e  same r e l a t i v e  abundances of 
helium, carbon, oxygen, neon, and la rger  nuc le i  have been obtained i n  
a t o t a l  of f i v e  exposures i n  two d i f f e r e n t  events .  Also,  i n  a t h i r d  
event ,  when the  f luxes  were very small, a t  i e a s t  t he  r a t i o  of helium 
t o  medium nuc le i  w a s  the  same. Next, t h e  helium nuc le i  are seen t o  
have t h e  same energy pe r  nucleon, or v e l o c i t y ,  spectrum as the  medium 
nuc le i  a t  f i v e  times i n  two d i f f e ren t  events ,  every case when a measure- 
ment could be made. This  i s  very good evidence t o  support  t he  conten- 
t i o n  t h a t  they a l s o  have similar ve loc i ty  spec t r a  a t  the  source.  This  
last r e s u l t  together  with the  very d i f f e r e n t  v e l o c i t y  spec t r a  f o r  
protons suggest t h a t  t he  helium and medium nuc le i  were a f f ec t ed  i n  the  
same way by the  acce le ra t ion  process. 
Thus, t he  ene rge t i c  s o l a r  nuclei  coming from the  sun with charges 
ranging from t h a t  of helium through a t  l e a s t  about twenty do s e e m  t o  
r e f l e c t  t he  composition of t he  so l a r  sur face .  I f  t he  composition of 
these  n u c l e i  is accepted as representa t ive  of t h e  sun,  t h e  r e l a t i v e  
abundances given i n  Table 5 may be used t o  estimate the  helium and 
neon abundances i n  the  sun, whereas it is  not poss ib l e  t o  obta in  a 
good es t imate  of t he  abundance of these two elements spec t roscopica l ly  
i n  the  photosphere. The average helium t o  oxygen r a t i o  is  107514 and 
t h e  average neon t o  oxygen r a t i o  i s  0.13*,0.02 ( B i s w a s  and F i c h t e l ,  
1963). The neon t o  oxygen r a t i o  i s  s imi la r  t o  t h e  universa l  abun- 
dances estimated by Suess and Urey (1956) and Cameron ( i959) ,  
although a b i t  on t h e  low s ide .  The helium t o  medium r a t i o  i s  
t y p i c a l ,  but  of course,  t he  more i n t e r e s t i n g  r a t i o  would be the  
proton t o  helium one. For the  reasons mentioned above assoc ia ted  
wi th  t h e  d i f f e r e n t  energy spec t r a  and charge t o  mass r a t i o ,  t he re  is 
no simple r e l i a b l e  way t o  determine t h i s  r a t i o  from s o l a r  cosmic rays  
alone. 
t a t i v e  of t h e  sun and the  proton t o  medium va lue  from spectroscopic  
d a t a ,  namely 650 ( A l l e r ,  1961; Goldberg, Muller ,  and A l l e r ,  1960), i s  
used, a proton to helium r a t i o  of 11-5 is obtained.  The uncer ta in ty  
i n  t h i s  number depends on the  correctness  of t he  assumption above and 
the  unce r t a in ty  i n  the  proton t o  medium r a t i o .  Hence, t h e  estimated 
e r r o r  placed on t h i s  r a t i o  i s  la rge .  
I f  t h e  helium t o  medium r a t i o  of  60+_7 is  accepted as represen- 
+7 
It  is beyond the  intended scope of t h i s  review a r t i c l e  t o  d i scuss  
t h e  r e l a t i o n s h i p  of these  abundance r a t i o s  t o  s o l a r  models. Sears  
(1964) has discussed t h i s  ques t ion  i n  some d e t a i l ,  and t h e  reader  is 
r e f e r r e d  t o  t h i s  a r t i c l e .  
D. RELATION TO GALACTIC COSMIC RAYS 
U n t i l  a few years  ago, i t  was genera l ly  accepted t h a t  most stars 
could not  be important sources of cosmic rays  f o r  a number of reasons.  
Within the  last  seve ra l  years  i t  had been noted t h a t ,  s ince  the  sun 
produced l a rge  q u a n t i t i e s  of p a r t i c l e s  whose energ ies  were w e l l  above 
t h e  i n j e c t i o n  energy needed f o r  t h e  F e r m i  theory t o  be opera t ive  i n  
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t he  galaxy ( F e r m i ,  1949; Fermi, 1954), it might be poss ib le  t h a t  
o rd inary  stars were an important source of cosmic r ays .  Kela t ive ly  
generous estimates of pa r t i c l e  production by the  stars indica ted  
t h a t  protons could be supplied a t  a r a t e  s u f f i c i e n t  t o  account f o r  
t he  ord inary  cosmic r a y s ,  and these  p a r t i c l e s  could then be accele-  
r a t e d  i n  the  galaxy by the  Fermi method. There remained t h e  problem 
of t h e  charge composition of cosmic rays being d i f f e r e n t  from normal 
s t e l l a r  abundances, but  i t  was thought t h a t  t he re  might poss ib ly  be 
favorable  acce le ra t ion  of the  l a rge r  nuclei .  
The r e s u l t s  of  t he  experiments on t h e  multiply-charged component 
have shown t h a t  t h e i r  abundances are j u s t  a r e f l e c t i o n  of those i n  t h e  
sun. There are a t  least four  important d i f f e rences  wi th in  the  heavy 
nuc le i  group between s o l a r  cosmic rays  and ord inary  cosmic rays.  
of t hese ,  t he  carbon t o  oxygen r a t i o  of 3 /5  i n  s o l a r  cosmic rays  
compared t o  3/2 i n  ordinary cosmic rays and the  l i g h t  t o  medium r a t i o  
of < 1/100 i n  s o l a r  cosmic rays  compared t o  1/4 i n  ordinary cosmic 
rays  may be a t t r i b u t e d  t o  the  f a c t  t ha t  o rd inary  cosmic rays  have gone 
through a few gm/cm2 of ma te r i a l  wherein t h e  l i g h t  nuc le i  are formed 
Two 
by fragmentation, and the re  i s  a t  least an increase  i n  t h e  carbon t o  
oxygen r a t i o .  A l s o  r e l a t i v e l y  minor va r i a t ion  i n  t h e  source composi- 
t i o n  may a id  i n  explaining t h e  inverse  C / O  value.  The o the r  two, t he  
d i f f e r e n t  helium t o  medium nuc le i  ratios and the  d i f f e r e n t  r a t i o s  
between the  helium nuc le i  and those i n  the  high charge group are only en- 
hanced by fragmentation. 
than four  t i m e s  l a r g e r  f o r  t h e  accelerated s o l a r  p a r t i c l e s ,  about 
The helium t o  medium nuc le i  r a t i o  i s  more 
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(6ck_7):1 as compared t o  (14+2):1 f o r  ordinary cosmic r ays ,  and the  
- r a t i o  of the  helium nucle i  t o  those i n  t h e  charge group with 11 5 Z 5 18 
i s  (803 293) : l  i n  t he  s o l a r  cosmic rays as compared t o  (48+7):1 i n  the  
g a l a c t i c  cosmic rays-a d i f fe rence  of le3. F i n a l l y ,  the  helium t o  
i r o n  n u c l e i  ratio is 5 5UO i n  the  solar cosmic rays  compared t o  
171226 i n  the  g a l a c t i c  cosmic rays-a d i f f e rence  of more than 25. 
3 
A t  g a l a c t i c  cosmic ray in j ec t ion  energ ies ,  t he  proton t o  medium 
3 
r a t i o  i n  s o l a r  cosmic r ays  i s  seen t o  be approximately 1 : l O  
The proton t o  medium r a t i o  f o r  ordinary cosmic rays  i s  about 250 f o r  
the  same energy per  nucleon i n t e r v a l s  a t  very high energies  and 100 
f o r  the  same r i g i d i t y  in t e rva l s .  
s o l a r  cosmic rays is  4 t o  10 times the ord inary  cosmic ray r a t i o  and 
the  d i f f e rence  would be s l i g h t l y  increased by fragmentation i n  i n t e r -  
s t e l l a r  matter. The d i f f e rences  i n  the r a t i o s  of t he  proton f l u x  t o  
t h a t  of e i t h e r  the  medium nuc le i  o r  heavier nuc le i  a r e  much g r e a t e r  
as can be seen by an examination of the r a t i o s  i n  the  previous para- 
graph. 
o r  l a r g e r .  
Thus, t h e  proton t o  medium r a t i o  f o r  
Thus, s ince  t h e  sun has abundances t y p i c a l  of most ordinary stars* 
i n  the  r e spec t s  mentioned here  and since these  abundances a r e  r e f l e c t e d  
i n  s o l a r  cosmic r ays ,  it seems reasonable t o  conclude t h a t  the  d i f f e r -  
ence i n  the  charge composition between g a l a c t i c  cosmic rays and ordinary 
starslabeing considered as the  s o l e  primary source of g a l a c t i c  cosmic 
rays.  Thus, g a l a c t i c  cosmic rays probably have a very s p e c i a l  o r i g i n ,  
perhaps i n  supernovae Fee f o r  example Ginzburg and Syroratsky (1961)l. 
*Here the  term ordinary s t a r  r e f e r s  t o  t h e  g r e a t  major i ty  of s t a r s  wi th  
normal cosmic abundances and s p e c i f i c a l l y  excludes the  unusual ones such 
as nova and supernovae which may be important cosmic r a y  sources 
IV SUMMARY 
The general  f e a t u r e s  of t h e  so la r  p a r t i c l e  composition now seem 
t o  be c l e a r .  The two mast abundant components, protons and helium 
nuc le i ,  have d i f f e r e n t  v e l o c i t y  spectra ,  s i m i l a r ,  but not exac t ly  
i d e n t i c a l  r i g i d i t y  spec t r a ,  and varying r e l a t i v e  abundances. The 
mul t ip ly  charged nuc le i ,  on the  other  hand, appear t o  have the  same 
s p e c t r a l  shape and r e l a t i v e  abundances each t i m e  measurements a r e  
made, a t  least i n  the  region from 42 t o  135 Mev/nucleon. Fur ther ,  
these  r e l a t i v e  abundances seem t o  r e f l e c t  those of t he  sun insofar  
as comparison can be made. Electrons a r e  rare, but  high energy 
e l e c t r o n s  are not expected t o  be p l e n t i f u l  due t o  the  probable high 
rate of energy l o s s  caused by synchrotron r a d i a t i o n  a t  the  sun. 
Energe t ic  neutrons were a l s o  not  expected i n  l a rge  quan t i ty  and have 
not been observed. F i n a l l y ,  t h e r e  i s  p o s i t i v e  evidence t h a t  very 
small q u a n t i t i e s  of deutrons and t r i t o n s  exis t ,  probably i n  an amount 
which is about o r  l e s s  of the  proton abundance. 
The experimental d a t a  ind ica t e  t h a t  t he  propogation phenomenon 
is not purely r i g i d i t y  dependent. 
p a r t i c l e s  is s t i l l  not wel i  understood, the  development of theo r i e s  
which take  i n t o  account both t h e  general  magnetic f i e l d  and the  
inhomogeneities i n  the  f i e l d  seem t o  hold some promise of explaining 
the  experimental r e s u l t s .  
important r e s t r a i n t s  which any acce lera t ion  theory must  s a t i s f y ,  and 
thereby contr ibuted g r e a t l y  t o  the  very d i f f i c u i t  problem of determining 
the  acce le ra t ion  mechanism. 
Although the  propogation of s o l a r  
The composition d a t a  have a l s o  es tab l i shed  
9 1  
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The s i m i l a r i t y  of the  r e l a t i v e  abundance of t he  energe t ic  s o l a r  
p a r t i c l e s  and t h e  nuc le i  i n  t he  sun 's  photosphere suggested t h e  possi-  
b i l i t y  of having a new means of estimating the  s o l a r  neon and helium 
abundances. 
explored by f u r t h e r  t e s t i n g  of t he  composition of f u t u r e  s o l a r  p a r -  
t i t l e  events .  F i n a l l y ,  it was seen tha t  t h e  composition w a s  a very 
s t rong  argument aga ins t  most s t a r s  being t h e  p r i n c i p a l  source of high 
energy non-solar cosmic r ays ,  and, therefore ,  s p e c i a l  sources ,  such 
as supernovae o r  poss ib ly  q u a s i s t e l l a r  ob jec t s ,  should be considered 
as much more l i k e l y  prospects  f o r  the o r i g i n  of cosmic rays.  
This  very i n t e r e s t i n g  p o s s i b i l i t y  w i l l  have t o  be 
The r e s u l t s  which have been obtained thus f a r  on the  composition 
of s o l a r  cosmic rays  have indicated tha t  f u r t h e r  research  i n  t h i s  area 
of s tudy should be  very  rewarding and of  value t o  many f i e l d s  of physics.  
Fur ther  d a t a  on the  composition and r e l a t i v e ,  as w e l l  as absolu te ,  
energy s p e c t r a  of t he  var ious components are needed throughout many 
events.  More experiments a l s o  should be performed t o  determine t h e  
p rope r t i e s  of t he  rare components, deuteron, t r i t o n s ,  He', e l ec t rons ,  
neutrons,  and the  heavier  nuc le i .  When these  experiments are complete, 
the  knowledge which is needed t o  a i d  i n  answering the  s o l a r  and 
as t rophys ica l  problems discussed i n  this review should be at hand. 
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175 - 280 





1408 UT, Sept 3, 1960 
1840 UT, Nov.12, 1960 
1603 UT, Nov.13, 1960 
1951 UT, Nov.16, 1960 
0600 UT, Nov.17, 1960 





July 1 2 ,  1959 
I 
I Energy Interval  Mev/nucleon R(He,M,E)* 
42.5 - 95 
42.5 - 95 
42.5 - 95 
I 42.5 - 95 
68 + 2 1  
63 - t 14 
72 + 16 




42.5 - 95 1 38 - + 9 
53 + 14 - 42.5 - 95 
60 4- 7 - 42.5 - 95 
150 - 200 4 100 + 35 - N 
** 
Ref 








* R(i , j ,k )  is the r a t i o  of t h e  f lux  of pa r t i c l e s  of type i 
in the in te rva l  k t o  the  flux of pa r t i c l e s  of type j i n  
t h e  same interval .  
-kk Uncertainty of the value i s  a fac tor  t o  two. 
JHt-k (a)  Fichtel  and Guss (1961) 
(d) 
(e) Hey and Ste in  (1962) 
( f )  Biswas, F ich te l ,  Guss and Waddington (1963) 
( 0 )  Biswas (1962) 
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Table 5 
Relative Abundances of Nuclei Normalized to a Base 
















Solar Cosmic Rays 
107 - + 14 
- 
< 0.02 
0.59 - + 0.07 
0.19 - + 0.04 
1 .o 
< 0.03 
0.13 - + 0.02 
0.043 - + 0.011 
0.033 - + 0.011 
















































+ The uncertainty of the values in this column is probably of the order a 
factor of 0.5 sec. Aller (1961) or Goldberg, Muller, and Aller (1961) 
+ 
+ 
The uncertainty of the values in this column is hard to estimate, but 
is probably at least a factor of 0.5 in some cases. 
(1956) and Cameron (1959) 
See Suess and Urey 
** The uncertainty of the values in this column varies from 10 to about 
30 Percent. See Waddington (1960) 
A 5/2 ratio for the abundance of 16S relative to 
relative abundance of 18A 
*** was assumed, the 
being unknown. 
Captions f o r  Figures  
Fig. 1. D i f f e r e n t i a l  r i g i d i t y  spectra  of s o l a r  protons,  helium, and 
medium nuc le i  a t  1951 UT, November 16, 1960 
1963). 0: Protons; A: H e  Nuclei; 0: (Medium Nuclei)  60 
(Biswas ,  e t  a l . ,  
Fig. 2. D i f f e r e n t i a l  r i g i d i t y  spectra  of s o l a r  protons,  helium, and 
med ium n u c l e i  a t  1603 UT, November 13, 1960 (Biswas and 
F i c h t e l ,  1963h 0: Protons;  A: He Nuclei ;  Q: (Medium Nuclei)  
60 
Fig. 3. D i f f e r e n t i a l  energy spec t r a  of s o l a r  protons,  helium, and 
m e d i u m  (6 < 2 5 9) nuc le i  a s  a func t ion  of t o t a l  energy/ res t  
energy a t  1951 UT, November 16, 1960. Note t h a t  the  abc issa  i s  
an  expanded logari thmic sca l e  (Biswas,et a l . ,  1963). 0: Protons;  
A :  H e  Nuclei 10; 6: (MediumNuclei) 600 
Fig. 4. ( a )  D i f f e r e n t i a l  energy spec t ra  f o r  s o l a r  p-rotons a s  a func t ion  
of t o t a l  energy f o r  those instances where proton,  helium, and 
medium spec t ra  w e r e  observed simultaneously.  
A - 1400 UT Sept. 3, 1960 -0- 
B - 1840 UT NOV. 12, 1960 ---A--- 
c - 1603 UT ~ o v .  13, 1960 - ---a - - - 
D - 1951 UT NOV. 15, 1960 ------+-\7-*------ 
E - 0600 UT Nov. 16, 1960 - - - -o  - - * -  
F - 0339 UT Nov. 17,  1960 -----a----- 
Captions f o r  Figures (Continued) 
Fig. 4. (b). D i f f e r e n t i a l  energy spectra f o r  s o l a r  helium and medium 
nuc le i  as a funct ion of t o t a l  energy f o r  those ins tances  where 
proton, helium, and medium spectra  were observed simultaneously. 
Time He M X 60 
A - 1400 UT Sept. 3, 1960 -0- - 0- 
B - 1840 UT N O V O  12, 1960 --n -- _ _ m c _  
C - 1603 UT N O ~ .  13, 1960 ---A---. -.-&-- 
D - 1951 UT N O ~ .  16, 1960 .... ..v ....... ....... ...... 
E - 0600 UT Nov. 1 7 ,  1960 --.-o---- -.--@--.- 
F - 0339 UT Novo 18, 1960 -...-a.-...- - . - a-...- 
Fig. 5. The proton-to-helium nuc le i  r a t i o  as a funct ion of k i n e t i c  energy 
per  nucleon a t  severa l  d i f f e r e n t  times. 
t he  curves represent  da t a  taken from the  work of Biswas,et a l . ,  (1962), 
Biswas, et. a l . ,  (1963), B i s w a s ,  (1961), and Biswas and 
F ich te l ,  (1963). Uncertaint ies  i n  the  r a t i o s  range from 25 t o  
50 p e r  cent .  The da ta  represented by G are the  lower l i m i t s  set by 
McDonald,et al. ,  (1965). The t i m e s  a t  which the  measurements were 
made are as follows: A - 1840 UT, Nov. 12, 1960; B - 1603 UT, 
For curves A through F, 
NOV. 13, 1960; C - 1961 UT, NOV. 16, 1960; D - 0600 UT, NOV. 17,  1960; 
E - 0339 UT, Nov. 18, 1960; F - 1408 UT, Sept. 3, 1960; G - March 
16, 1964 and Feb. 5, 1965. 
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